''Phonagnosia'' refers to a selective deficit in voice-identity recognition, which is dissociable from other forms of person recognition (e.g., via faces or names) and other aspects of voice perception (e.g., emotion or speech processing) [6] [7] [8] [9] . Recently, the first putative case of developmental phonagnosia was reported [5] . However, in addition to performing poorly on several voice-recognition tasks, she also had difficulties with understanding speech in noise compared to controls. Therefore, it is currently still unclear whether developmental phonagnosia actually exists as a specific disorder that is dissociable from other complex auditory abilities. Confirming the existence of phonagnosia would have important implications for long-standing models of person perception [7] . A central assumption of these models is that voice recognition dissociates from our ability to understand what is said (speech recognition). However, this dissociation has recently been called into question (e.g., [10] ). Thus, finding phonagnosia cases in which speech recognition is intact would advance our understanding of fundamental mechanisms in person recognition.
We employed a four-stage screening procedure to identify cases of developmental phonagnosia ( Figure 1A ; for a complete description of the screening procedure and results, see Supplemental Experimental Procedures available online). First, we developed a web-based test (http://www. phonagnosie.de) to assess participants' abilities to learn and recognize new voices ( Figure 1B , ''voice-name test''); this resulted in 1,057 complete data sets (Table S1 ). We sent 233 participants, who either (1) performed at least 1.5 SDs below the laboratory control mean or (2) rated themselves as poor voice recognizers, a detailed follow-up questionnaire. Of the 55 responses we received, the responses of ten individuals seemed to be indicative of a selective deficit in voice recognition. After a semistructured telephone interview, four individuals were invited to laboratory testing. They completed a behavioral test battery, an audiometric hearing test, a general neuropsychological assessment, and a structural MRI scan. Two of these participants (AS and SP) had no history of neurological or psychiatric illness, had normal hearing, performed within the normal range on the neuropsychological assessment (Table S2) , and showed no pathological abnormalities in their MR images. For both AS and SP, we invited separate control groups who were matched in gender, age, education, and handedness [11] (see Supplemental Experimental Procedures). We compared differences between the scores of AS and SP and their respective control groups by using a modified t test [12] , a standard procedure for comparing single cases to control groups (see, e.g., [5, 9, 13] ). Differences with a probability p < 0.05 were considered statistically significant. The study was approved by the Research Ethic Committee of Leipzig University.
AS and SP Were Impaired in Voice Recognition AS and SP are both 32 years old, highly educated, and, apart from their voice-recognition difficulties, completely healthy. Their lifelong voice-recognition difficulties include recognizing celebrities, close friends, and family members. For example, AS, a graduate student, finds it difficult to recognize her own daughter's voice when she is playing with her friend in another room. SP, a PhD student, first became aware of his difficulties when watching television with a friend: unlike his friend, SP failed to notice when a voice actor from his favorite dubbed television series changed. When answering telephone calls, SP often relies on compensatory strategies to guess who is speaking, including making use of context and speaking characteristics (e.g., pauses, speaking rate). Both AS and SP feel embarrassed when they fail to identify familiar voices.
Besides the web-based voice-name test ( Figure 1B ), AS and SP performed two additional voice-learning tests in the laboratory: in the ''voice-color test'' ( Figure 1C) , participants learned to associate six unfamiliar voices with colors, and in the ''voice-face test'' ( Figure 1D ), they learned to associate the six unfamiliar voices with photographic images of their faces. Each test included a different set of speakers so that none of the speakers was heard in more than one test. AS and SP performed at least 2 SDs worse than controls on two of the three voice-learning tests and at least 1.5 SDs worse on the other test (Table S3) . AS scored 50% on the voicename test (controls: 75%) and 47% on the voice-color test (controls: 74%); these differences were statistically significant (voice-name test: p = 0.016; voice-color test: p = 0.006). AS also performed poorly on the voice-face test. This difference was close to statistical significance (AS: 73%; controls: 87%; p = 0.067) (Figure 2A ; Table S3 ). SP scored 55% on the voice-name test (controls: 80%), 47% on the voice-color test (controls: 77%), and 67% on the voice-face test (controls: 90%). On two tests, the differences between SP and controls were significant (voice-color: p < 0.001; voice-face: p < 0.001), and the difference on the voice-name test was close to significance (p = 0.064) ( Figure 2A ; Table S3 ).
We also tested how well AS and SP recognized famous voices. In the ''famous voice-recognition test,'' participants categorized the familiarity of voice samples of familiar and unfamiliar people and additionally provided the names of those categorized as familiar (see Supplemental Experimental Procedures). Both AS and SP showed a significant bias (c; [14] ) in their familiarity judgments, compared to controls (AS: p = 0.001; SP: p = 0.01). For AS, accuracy (d 0 ) was also significantly poorer (p = 0.002) ( Figure 2B ; Table S3 ). Although AS had problems with classifying voices as familiar, she nevertheless performed well at naming the ones she did classify correctly (p = 0.33). Conversely, SP performed worse at naming those he accurately classified as familiar, relative to his controls (p < 0.001) (Table S3 ).
AS and SP Performed Normally on Auditory and Visual Control Tests
To test whether their voice-recognition deficits were selective, AS and SP performed several control tests (see Supplemental Experimental Procedures). In the ''speech-in-noise test,'' participants listened to subject-verb sentences mixed with noise and selected which verb was spoken out of four alternatives. AS's and SP's speech-reception thresholds were similar to controls ( Figure 2C ; Table S4 ), indicating that they were able to understand speech in noise normally. In the ''vocal-emotion test,'' participants listened to words spoken in different affective states and selected the target emotion from six alternatives. AS and SP performed normally on this test as well ( Figure 2C ; Table S4 ). AS and SP also performed normally on two tests of face recognition, i.e., the Cambridge Face Memory Test [15] and a novel ''face-name learning test'' ( Figure 2C ; Table S4). A formal comparison of the performance on the voice and control tests revealed that AS and SP have a selective deficit in voice recognition ( Figure 2D ).
Apperceptive or Associative Phonagnosia?
Agnosias are classically divided into two forms: an apperceptive form and an associative form (for review, see [16] ). ''Apperceptive'' agnosia refers to a failure to integrate the physical characteristics of a stimulus into a coherent percept, whereas ''associative'' agnosia refers to a failure to associate semantic information with the stimulus even when the stimulus itself is perceived normally. To disentangle the two forms of agnosia, we used a ''voice-discrimination test'' (see Supplemental Experimental Procedures). Participants listened to pairs of sentences spoken by three unfamiliar voices. After each pair, participants decided whether the sentences were spoken by the same speaker or not. AS performed 8.73 SDs below We assessed voice-recognition abilities in a wide audience using a webbased voice-name test published on http://www.phonagnosie.de, a paper-based questionnaire, semistructured telephone interviews, and laboratory-based testing. We identified AS and SP as two cases with developmental phonagnosia. (B) Voice-name test. Participants learned six unfamiliar voices (three female and three male, displayed here as amplitude waveform) in association with a first name. After learning, participants were tested on their voice-recognition abilities. In each trial, they listened to a previously learned voice and selected the speaker's name among three alternatives presented on a screen via button press. (C) Voice-color test. This test was structured similarly to the voice-name test, except that the names were replaced by colors. (D) Voice-face test. This test was structured as the other two voice tests, except that now faces were learned together with the voices. All three tests were based on different speakers' voices. The voice samples always differed between the learning and testing phases, i.e., learning and testing were done with different sentence material.
her controls (p < 0.001) ( Figure 3A ; Table S3 ). This suggests that she has apperceptive phonagnosia because this test does not require association with semantic information. By contrast, SP's performance was within the normal range (p = 0.47) ( Figure 3A ; Table S3 ). Thus, SP seems to have an associative phonagnosia. These patterns of impairment are consistent with AS's and SP's performances on the famous voice-recognition test, where only SP failed to name the voices he correctly categorized as familiar.
AS and SP Were Impaired in Vocal Pitch, but Not Vocal Timbre Perception Pitch and timbre are two basic acoustic properties that provide important information for both discriminating unfamiliar voices [18] and recognizing familiar ones [19] . We therefore measured AS's and SP's just-noticeable differences (JNDs) for pitch and timbre (see Supplemental Experimental Procedures). In the ''vocal-pitch test,'' participants listened to pairs of vowels and reported which had the higher pitch. The stimuli were resynthesized versions of the same original vowel [20] , differing only in their fundamental frequency. In the ''vocal-timbre test,'' participants listened to pairs of vowels and reported which was spoken by the smaller speaker. The stimuli were resynthesized versions of the same vowel [20] , differing only in their ''vocal-tract length,'' an aspect of vocal timbre that provides information about speaker size [21] . We found a clear dissociation between pitch and timbre JNDs (Figures 3B and 3C ; Table  S5 ). AS's and SP's pitch JNDs were around 3 SDs larger than controls' pitch JNDs, and they were well over one semitone, indicating severe impairments in pitch perception (AS: p = 0.014; SP: p = 0.004). However, their timbre JNDs indicated normal timbre perception. Thus, the impairments in voice-identity recognition observed in AS and SP coincided with severe deficits in pitch perception. It is highly unlikely that these deficits were caused by abnormalities at the level of the cochlea: AS performed normally, and SP performed better than controls on a test of cochlear function (''notched-noise test''; Figure S1 , Table S5 , and Supplemental Experimental Procedures). We also found that both AS and SP had normal JNDs for amplitude-modulation rate discrimination (for subtest-specific performance, see Figure S1 , Table S5 , Supplemental Experimental Procedures, and Supplemental Discussion). 
AS and SP Are Not Amusic
In addition to its role in voice-identity recognition [18] , pitch perception is integral to the perception of music [22] , and pitch JNDs greater than one semitone can be a symptom of congenital amusia, a lifelong disability in perceiving music [23] . Poor pitch perception is the most common deficit found in congenital amusics [23, 24] , although they can be impaired in timbre perception as well [25] . Several lines of evidence suggest that neither AS nor SP is amusic. First, during a structured interview (Table S6) , both reported being good at detecting when someone else sings out of tune and recognizing a familiar melody without the help of lyrics-two skills that are indicative of amusia [26] . Second, AS and SP performed within the normal range on an online version [26] of the Montreal Battery for the Evaluation of Amusia [27] , the standard tool for diagnosing amusia ( Figure 4A ; see Table S7 for performance on specific subtests). Third, AS and SP performed normally on a test of musical instrument recognition ( Figure 4B ; see Supplemental Experimental Procedures).
Poor pitch discrimination is not always symptomatic of amusia; some completely healthy individuals can have abnormally large pitch JNDs but otherwise normal hearing and music appreciation [28] . Whether these individuals suffer from voice-recognition impairments is currently unknown. Prosopagnosics are often unaware of their face-recognition deficit [29] , and this might also be the case in phonagnosia. In congenital amusia, pitch-perception deficits are often assumed to be the primary cause of the disturbances in perceiving music [30] . If developmental phonagnosia is consistently associated with a pitch discrimination deficit, it therefore might be of a different nature than the one associated with amusia. Alternatively, a pitch discrimination deficit per se might not cause phonagnosia, but it might nevertheless exacerbate poor voice-recognition abilities.
Prevalence of Developmental Phonagnosia
Because we collected over 1,000 data sets in total, we roughly estimate that developmental phonagnosia might occur with 2‰ in the German-speaking population. Estimating prevalence of congenital cognitive deficits is difficult and contentious [31, 32] . In other congenital cognitive deficits, estimates are based on cutoff values in diagnostic tests (e.g., amusia [33] ) or on interviews in samples of specific populations (e.g., prosopagnosia [4] ). It has been suggested that a combination of such methods yields better estimates [32] . Here, we combined multiple methods, including a web-based test, a questionnaire, an interview, and a laboratory test battery. Nevertheless, we cannot exclude the possible influence of a sampling bias, which could have an effect in either direction (see Supplemental Discussion). We speculate that the true prevalence of phonagnosia is probably higher than 2‰ because the return rate of our four-stage screening approach was relatively low, especially for the questionnaire (see Supplemental Discussion).
General Discussion
In the present study, we demonstrated the existence of developmental phonagnosia as a modality-specific person-recognition deficit in otherwise healthy individuals. This provides support for a central assumption of current models of person recognition, which is that voice recognition can be dissociated from speech, face, and emotion recognition [7, 34] .
Although AS and SP performed worse than controls on most of our voice-recognition tests, there was one test for each of them that only showed a trend toward significance. For AS, the voice-face test seemed to be easier. Previous work has shown that simultaneous presentation of the speakers' faces during voice learning generally improves subsequent voice recognition [35] [36] [37] and that this improvement is variable interindividually [35] . We speculate that AS received a greater benefit from face information than her controls because she has developed more efficient strategies for using face information to aid her voice-recognition performance. For SP, the results of the voice-name test were vitiated because it transpired that he was familiar with one of the speakers from the test (his former disc jockey teacher), although he did not realize this at the time of testing. Therefore, SP could have been better at this task because of his prior experience with one of the voices (see Supplemental Experimental Procedures).
Many different species readily identify the vocal calls of conspecifics, and the specialization of cortical regions for Table S5 . (C) Vocal-timbre test. There were no differences between AS/SP and their respective control groups. Spatial envelope is a unit for the acoustic effect of the speaker's vocal-tract length [17] . SER, spatial envelope ratio. See also Table S5 . All error bars show 1 SD. Asterisks indicate statistical significant differences among AS, SP, and their respective control groups (*p < 0.05, **p < 0.001). JND, just-noticeable difference.
voice identification seems to be similar across species [1, 3] and emerges at an early stage of development [38] . Our study raises several new questions about this evolutionary conserved process. For instance, future research may reveal whether phonagnosia is similarly hereditary as prosopagnosia is [39] and how it relates to other auditory cognitive deficits, such as pitch-perception deficits and amusia. Knowledge about these behavioral variabilities in healthy individuals will enhance the understanding of communication idiosyncrasies across different individuals. In addition, because of the selectiveness of the impairment and intact brain structure, developmental phonagnosia provides a unique window into investigating the neuronal mechanisms of auditory person perception.
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